ABSTRACT: The isolation of whey proteins from human and bovine milks followed by profiling of their entire N-glycan repertoire is described. Whey proteins resulting from centrifugation and ethanol precipitation of milk were treated with PNGase F to release protein-bound N-glycans. Once released, N-glycans were analyzed via nanoflow liquid chromatography coupled with quadrupole time-of-flight mass spectrometry following chromatographic separation on a porous graphitized carbon chip. In all, 38 N-glycan compositions were observed in the human milk sample while the bovine milk sample revealed 51 N-glycan compositions. These numbers translate to over a hundred compounds when isomers are considered and point to the complexity of the mixture. High mannose, neutral, and sialylated complex/hybrid glycans were observed in both milk sources. Although NeuAc sialylation was observed in both milk samples, the NeuGc residue was only observed in bovine milk and marks a major difference between human and bovine milks. To the best of our knowledge, this study is the first MS based confirmation of NeuGc in milk protein bound glycans as well as the first comprehensive N-glycan profile of bovine milk proteins. Tandem MS was necessary for resolving complications presented by the fact that (NeuGc:Fuc) corresponds to the exact mass of (NeuAc:Hex). Comparison of the relative distribution of the different glycan types in both milk sources was possible via their abundances. While the human milk analysis revealed a 6% high mannose, 57% sialylation, and 75% fucosylation distribution, a 10% high mannose, 68% sialylation, and 31% fucosylation distribution was observed in the bovine milk analysis. Comparison with the free milk oligosaccharides yielded low sialylation and high fucosylation in human, while high sialylation and low fucosylation are found in bovine. The results suggest that high fucosylation is a general trait in human, while high sialylation and low fucosylation are general features of glycosylation in bovine milk. KEYWORDS: human and bovine milk, PNGase F, N-glycans, PGC Chip, nano-LC−Q-TOF MS, tandem MS, NeuGc
■ INTRODUCTION
Oligosaccharides are among the most abundant solid components in human 1−4 and bovine milk. 5 These free oligosaccharides perform a number of biological functions that indicate that nutrients are not the only benefits the infants get from their mothers' milk. As an example, milk oligosaccharides serve as prebiotics to stimulate growth of beneficial intestinal bacteria such as bifidobacteria in neonates. 2, 4, 6, 7 Modulation of the postnatal immune system is a beneficial consequence due to the development of a balanced intestinal microbiota. 2, 7 Additionally, milk oligosaccharides have been reported to bind to certain pathogenic microorganisms thereby limiting their virulence. 2,7−9 This behavior lowers the risk of diseases such as diarrhea, meningitis and otitis media in infants. 2, 7 Extensive analysis of human milk oligosaccharides (HMOs) 10 and bovine milk oligosaccharides (BMOs) 11 reveal structural diversity suggesting that they may contribute to a diversity of functions. Although certain compositional similarities were identified in both milk oligosaccharides, such studies also identified remarkable differences in the structures and relative abundances of the different oligosaccharide types in both milk sources. For example, while high fucosylation and low sialylation were observed as general features of HMOs, BMOs were reported as significantly highly sialylated and almost lacking in fucosylation. Other oligosaccharide sources in milk (such as the protein-bound N-glycans) are yet to be extensively characterized. This study will provide important information to nutritionists, food regulatory agencies, and the dairy industry in general.
Proteins are a vital component in mammalian milk and have been well characterized as a rich source of essential amino acids to infants. 12, 13 Nonetheless, milk proteins are on average highly glycosylated, a fact inconsistent with a simple role of proteins as sources of digestible and absorbable amino acids. In fact, besides free oligosaccharides, proteins are an additional and potentially significant source of milk oligosaccharides. Indeed, recent proteomics studies in human 12 and bovine milk 13 have shown that milk proteins are extensively glycosylated. Initial predictions suggested that over 70% of human proteins may be glycosylated. 14, 15 The functions of these oligosaccharide components in glycoconjugates (particularly glycoproteins) are speculated to provide protective features similar to those observed in free oligosaccharides in milk. 16−24 In support of this hypothesis, protein-bound glycans have been shown to act as decoys for pathogens 25, 26 justifying further research to determine their actual compositions and structures in milk. In other biological milieu, glycans have been implicated to have profound effects on the properties of proteins such as solubility, folding, secretion, antigenicity, immunogenicity, circulatory half-life, resistance to proteolysis and thermal stability. 27 Surprisingly, and in contrast to free oligosaccharides in milk, the glycans on milk proteins have not been as well studied.
Information related to milk N-glycans is typically limited to those associated with the abundant proteins. Lactoferrin, a 78 KDa iron binding glycoprotein; is the most abundant glycoprotein in human milk and also one of the most abundant proteins in bovine milk. Human lactoferrin (h-LF) has been reported to be associated with highly branched complex/hybrid type N-glycans, most of which are highly sialylated and fucosylated. 28 However, bovine lactoferrin (b-LF) is reported to be predominantly high mannose-containing. 29 Immunoglobulin G (IgG), a 150 KDa protein; is another abundant protein found in both human and bovine milk. In both milk sources, IgG has been reported to be predominantly associated with corefucosylated biantennary N-glycans. 30 Secretory immunoglobulin A (sIgA), 31 bile salt-stimulated lipase 32 and milk fat globule membrane proteins such as clusterin 33 are additional examples of abundant proteins in milk whose N-glycans have been characterized. Although information from these studies is useful, they do not present a comprehensive list of the N-glycan repertoire in both human and bovine milks.
N-Glycans are complicated by their monosaccharide compositions, branching, linkage and connectivity. 34 N-Glycans are classified as high mannose, complex and hybrid types depending on their monosaccharide composition and their branching. Individual sites of glycan attachment (glycosites) on a polypeptide can be associated with multiple glycans further complicating the diversity of the N-glycan pool in a protein mixture such as milk. Additionally, unlike with proteomic studies where there is a template, N-glycan analysis requires more rigorous analyses as there are no templates for their structures. Glycomics approaches toward profiling N-glycans from a wide range of biological samples typically employ the release of the glycans via peptide N:glycosidase F (PNGase F) treatment prior to mass spectrometric (MS) analysis. 35, 36 The use of high performance liquid chromatography (HPLC) coupled to mass spectrometry is becoming the instrument of choice for glycan analysis. LC−MS enables the separation of glycans, thus minimizing suppression effects during ionization. 37 Furthermore, separation of glycans sharing the same compositions (isomers) is possible during LC−MS analysis when the appropriate stationary phase is used. In general, we find porous graphitized carbon (PGC) to be the best stationary phase for effectively separating native glycans and their isomers. 38 An additional complication in the comprehensive characterization of the N-glycans of milk proteins is the presence of N-glycolylneuraminic acid (NeuGc) in bovine milk, which is generally not found in humans. NeuGc prevents determining composition based strictly on accurate mass because combinations of fucose (Fuc) In this report, the isolation of the noncasein, soluble (whey) proteins from human and bovine milk, followed by profiling of their entire N-glycan repertoire is described. The study investigated the sialylation and fucosylation trends in milk N-glycans to determine if they correspond to similar evidence already observed in the free milk oligosaccharides. The results presented here also provide the first tandem MS analysis of NeuGc containing N-glycans. Whey proteins isolated by centrifugation and ethanol precipitation of milk were treated with PNGase F to release protein-bound N-glycans. The released N-glycans were then analyzed via nanoflow liquid chromatography coupled with quadrupole time-of-flight mass spectrometry (nano-LC−Q-TOF MS) following chromatographic separation of the glycans on a micro fluidic chip packed with PGC. While the nano-LC−MS analysis afforded the milk glycan profiles, the tandem MS analysis revealed monosaccharide compositions and in some cases monosaccharide connectivities. Glycan MS/MS data were identified via the presence of certain oxonium ions resulting from monosaccharide and disaccharide fragments during the tandem MS analyses. With the use of PGC, isomeric glycans were adequately resolved and compositions verified with tandem MS. The development of this strategy and the results observed afford a better understanding of the types, compositions and diversity of the N-glycan repertoire associated with both human and bovine milk.
■ MATERIALS AND METHODS

Materials and Reagents
Graphitized carbon cartridges (GCC) were purchased from Alltech Associated (Deerfield, IL) while C8 cartridges were from Suppelco (Bellefonte, PA). PNGase F was purchased from New England Biolabs (Ipswich, MA). All reagents used were either of analytical grade or better.
Protein Extraction
Prior to N-glycan release from human and bovine milk, the whey proteins were isolated from the other milk components. To achieve this, 0.5 mL of a pool of human milk (obtained from an ongoing project in our research group) and 0.5 mL of a pool of bovine milk (obtained from Jersey and Holstein cows) over three months of lactation were individually combined with 0.5 mL of water in 1.5 mL vials and centrifuged at 4°C and 1500 rpm for 1 h. The middle aqueous layer consisting of whey proteins and free oligosaccharides was carefully drawn out from each vial. The top layer consisting of fat and the bottom layer made up of casein and cellular residues were discarded. The whey proteins were then further separated from the free oligosaccharides via ethanol precipitation. To achieve this, two volumes of ethanol was combined with the protein− oligosaccharide mixture, stored at 4°C for 2 h and centrifuged at 4°C and 1500 rpm for 1 h. Next, free oligosaccharides were carefully drawn out from the tube leaving the whey protein precipitate at the bottom of the tube. The whey proteins were later redissolved in 500 μL of a 200 mM ammonium bicarbonate (NH 4 HCO 3 ) with rigorous agitation.
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N-Glycan Release
N-glycan release from the whey proteins was achieved by incubating a mixture composed of 100 μL of the whey protein solution, 100 μL of a 200 mM NH 4 HCO 3 , 1 μL 1 M sodium dodecyl sulfate (SDS) and 2 μL of PNGase F. Incubation was allowed to proceed overnight at 37°C with gentle agitation.
Glycan Purification
To purify the released N-glycans from each milk source, PNGase F and deglycosylated proteins were first removed from the N-glycan mixture via a first solid phase extraction (SPE) step involving a C8 cartridge as earlier described by our group. 38 The eluting N-glycans from the C8 cartridge were then collected and desalted/enriched in a second SPE step involving a graphitized carbon cartridge (GCC) as earlier described by our group. 38 The enriched N-glycans were finally eluted from the cartridge with 9 mL of 0.05% trifluoroacetic acid (TFA) in 40% ACN solution. The N-glycan mixture was then completely dried in the speed vac prior to MS and MS/MS analyses.
HPLC-Chip/Q-TOF-MS Analysis
After drying, the N-glycans were reconstituted in 20 μL of deionized water from which 2 μL was required each for the MS and MS/MS analyses. The N-glycans were analyzed using an Agilent 1200 series LC system coupled to an Agilent 6520 Q-TOF mass spectrometer (Agilent Technologies, Santa Clara, CA). The HPLC-Chip/Q-TOF system was equipped with a micro well-plate auto sampler (maintained at 6°C by the thermostat), a capillary loading pump for sample enrichment, a nano pump as the analytical pump for sample separation, HPLC-Chip Cube, and the Agilent 6520 Q-TOF MS detector. The tandem mass spectra of the N-glycans were acquired in a data-dependent manner following LC separation on the microfluidic chip. The microfluidic chip consisted of a 9 × 0.075 mm i.d. enrichment column and a 150 × 0.075 mm i.d. analytical column, both packed with 5 μm porous graphitized carbon (PGC) as the stationary phase. A PGC chip was used as glycan populations can be sufficiently separated on a graphitized carbon stationary phase. Both pumps used binary solvent: A, 3.0% ACN/water (v/v) with 0.1% formic acid; B, 90% ACN/water (v/v) with 0.1% formic acid. A flow rate of 4 μL/min of solvent A was used for sample loading with 2 μL injection volume. A nano pump gradient was delivered at 0.4 μL/min using (A) 0.1% formic acid in 3.0% ACN/water (v/v) and (B) 0.1% formic acid in 90.0% ACN/water (v/v). Samples were eluted with 0% B (0.00−2.50 min); 0 to 16% B (2.50− 20.00 min); 16 to 44% B (20.00−30.00 min); 44 to 100% B (30.00−35.00 min) and 100% B (35.00−45.00 min). The drying gas temperature was set at 325°C with a flow rate of 4 L/min (2 L of filtered nitrogen gas and 2 L of filtered dry grade compressed air). MS and MS/MS spectra were acquired in the positive ionization mode with an acquisition rate of 0.63 spectra per second. Also, while the MS data were acquired over a mass range of 500−3000 m/z, the MS/MS data were acquired over 100−3000 m/z mass range. Mass calibration was enabled using reference masses of m/z 922.010 and 1521.972 (ESI-TOF Tuning Mix G1969−85000, Agilent Technologies, Santa Clara, CA). Data analysis was performed on Agilent MassHunter (Agilent Technologies Inc.). For the MS/MS analysis, N-glycans were subjected to collision induced fragmentation with nitrogen as the collision gas using a series of collision energies that were dependent on the m/z (mass to charge) values of the different N-glycans. The collision energies correspond to voltages (V collision ) that were based on the equation: V collision = m/z (1.8/100 Da) Volts − 2.4 V; where the slope and offset of the voltages were set at (1.8/100 Da) and (−2.4) respectively. The preferred charge states were set at +2, +3, >+3 and unknown.
Glycan Assignment and Data Processing
Common to all three glycan types is a chitobiose or trimannosyl core corresponding to the pentasaccharide (GlcNAc 2 :Man 3 ). High mannose glycans are unique in that they typically contain two to six mannose (Man) residues in addition to their trimannosyl core. Complex type glycans are characteristic for containing nonmannose residues such as Fuc, galactose (Gal), N-acetyl glucosamine (GlcNAc) and sialic acid beyond their trimannosyl core. As the name implies; hybrid N-glycans contain features common to both the high mannose and complex type glycans. Putative structures can be assigned based on mass (composition) and established biological rules. In this research, the N-glycan mass list was established from the MS data using an in-house software "oligosaccharide calculator" written in Igor. 10 All glycan assignments were made within a specified tolerance level (≤20 ppm) while the data from the tandem MS analysis of the corresponding glycans were investigated to ensure correlation with the assignments made. To rapidly identify tandem MS data belonging to glycan structures, the product ion spectra were automatically sorted by the presence of carbohydrate-specific oxonium fragment ions using "find by auto MS/MS" (a feature in the Agilent MassHunter software . 37 The N-glycan compositions were confirmed by the presence of B-type and Y-type ions derived from the sequence of glycan fragmentations in the product ion spectra.
■ RESULTS AND DISCUSSIONS LC-MS Analysis of the Human and Bovine Milk N-glycome
Separation of native oligosaccharides into isomeric species is most effectively performed with porous graphitized carbon (PGC). Previous studies from this laboratory have discussed the effectiveness and the characteristics of the nanoLC separation employing PGC. 38 The capability to separate isomers is essential during tandem MS analysis when unique compositions of individual glycans are determined and structural information is obtained, and where interference from other glycan species can affect the analyses. Figure 1A and B is representative of the extracted compound chromatograms (ECCs) of the N-glycans from human and bovine milk, respectively. It must be stated that the glycan structures shown in both chromatograms ( Figure 1A and B) are only putative structures. However, more detailed glycan structures detailing monosaccharide connectivities obtained by MS/MS analysis are described below. Analysis of the accurately measured glycan masses corresponding to each peak in both chromatograms reveals a complicated glycan pool composed of high mannose glycans (peaks shaded in green), neutral complex/hybrid glycans (peaks shaded in blue) and sialylated complex/hybrid glycans (peaks shaded in pink). The human milk N-glycan pool ( Figure 1A ) corresponds to 38 N-glycan compositions while 51 N-glycan compositions were observed in the bovine milk N-glycan pool ( Figure 1B ). These numbers translate to over a hundred compounds when isomers are considered and point to the complexity of the mixture. However, they also point to a certain simplicity as the number of glycans is not infinitely large at least over 5 orders of magnitude observed by LC−MS. Table  1 shows a list of N-glycans represented in both chromatograms with their m/z values, neutral masses, monosaccharide compositions, glycan types and their milk source.
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The two chromatograms ( Figure 1A and B) reveal an elution pattern mainly starting with the high mannose followed by neutral complex/hybrid glycans and finally the sialylated glycans.
This elution profile is consistent with previous observations suggesting that sialylated glycans have a higher affinity for graphitized carbon than the neutral glycans. 38−40 For the high mannose glycans, the larger species (GlcNAc 2 :Man 8 and GlcNAc 2 :Man 9 ) typically have earlier retention times than the smaller species (GlcNAc 2 :Man 5 and GlcNAc 2 :Man 6 ). In both chromatograms, sialylated N-glycans were observed containing the NeuAc residue. However, the bovine milk glycan chromatogram ( Figure 1B) revealed NeuGc-containing sialylated species as well. The NeuGc-containing species were confirmed by the tandem MS experiments described below. This marks the significant difference between human and bovine milk sources. To our best knowledge, this study also represents the first MS based confirmation of NeuGc in milk glycoproteins. 
Characterization of Human and Bovine Milk N-Glycans via Tandem MS Analysis
As MS analysis does not always yield unequivocal glycan compositions, tandem MS is often necessary for verification. Tandem MS or specifically collision-induced dissociation (CID) provides fragments that yield glycan sequence thus revealing monosaccharide compositions and connectivities. Hence, to obtain structural information for each peak in both chromatograms ( Figure 1A and B), tandem MS was performed.
Glycans were subjected to collision energies that were dependent on their m/z values. . A common LC−MS/MS analysis generates thousands of spectra but not all are glycans. These small ions are important as diagnostic peaks that allow rapid selection of glycan MS/MS spectra. Those that are selected are deconvoluted using the Agilent Mass Hunter software. The deconvoluted tandem spectrum reveals neutral masses of the fragment ions and allows for easier assignment of the peaks in the spectrum. In addition to the common diagnostic ions observed in the CID spectra, unique fragment ions are observed for specific glycan types. As discussed in greater detail below, there are fragment ions that distinguish high mannose from fucosylated (complex) as well as sialylated (complex) type glycans. , respectively. Both the human and bovine milk N-glycan profiles contained all five possible mannose products (Table 1) . These glycans probably originate from lactoferrin in bovine milk (b-LF) and human immunoglobulin M (IgM). 29, 41 The two proteins are abundant in the respective fluids and have previously been shown to contain strong abundances of high mannose glycans.
LC−MS/MS Analysis of High Mannose N-Glycans
The deconvoluted CID spectrum yields extensive fragmentation from the loss of one or two residues from the precursor ion to the monosaccharide and disaccharide fragments. Both large mass fragments and small fragments yield important structural information. Tandem MS data of high mannose N-glycans routinely contain fragment ions composed of sequential 
LC−MS/MS Analysis of Neutral Complex N-Glycans
Neutral complex N-glycans refer to nonhigh mannose glycans lacking the sialic acid residues in their compositions. They are sometimes fucosylated with the residue bound to a GlcNAc reducing end and/or an antenna on a GlcNAc residue. Figure 3A −C is representative examples of the deconvoluted MS/MS spectra of three neutral complex N-glycans. The deconvoluted mass spectra represented in Figure 3A +2 and corresponds to the fucosylated oligomer of the compound in Figure 3A . As expected, both spectra ( Figure 3A and B) share some similar fragment ions. However, a fucose residue loss (146 Da) from the precursor ion is observed in Figure 3B . Additionally, the 894 Da peak corresponding to (GlcNAc 2 :Man 2 :Fuc 1 ) in the spectrum further confirms fucosylation while revealing the fucose residue on the trimannosyl core. IgG is a common protein found in both human and bovine milk sources 12, 13 and has previously been shown to be associated with the glycans 30 represented in Figure  3A and B.
The third example presented in Figure 3C with m/z 862.34 corresponds to [HexNAc 6 + Man 3 + 2H]
+2
. The deconvoluted CID data reveal a unique structural feature with three HexNAc residues connected owing to the unusual 609 Da trisaccharide peak corresponding to (HexNAc 3 ) and an equally intense 406 Da disaccharide peak corresponding to (HexNAc 2 ). The CID data further reveal four GlcNAc residues (203 Da for each residue) sequentially lost from the glycan precursor peak. The glycan is believed to be biantennary as there was no peak suggesting that the fourth antennae GlcNAc residue was also directly connected to the (HexNAc 3 ) trisaccharide. The 609 and 406 Da peaks clearly disqualify the assumption of a tri-or tetra-antennary glycan in this example. The glycan represented in Figure 3C is unique to the bovine milk sample as it was not observed in the human milk glycan pool. Figure 4A has been shown to be associated with IgG, 30 which was observed in both milk glycan pools. . Both glycans represented were observed in human and bovine milk. The 289, 307 and 672 Da peaks are observed, as described. The spectrum also reveals a NeuGc neutral loss (307 Da), which further verifies NeuGc in the sialylated N-glycan. Interestingly, some sialylated N-glycans were observed with both NeuAc and NeuGc residues on the same glycan. Figure 4C . As expected, the MS/MS data of this glycan contain a . Both glycans represented in (A and B) were observed in human and bovine milk while the glycan represented in (C) was unique to only the bovine milk source. combination of peaks observed in Figure 4A and B. They include diagnostic peaks such as the 273, 289, 307, 656 and 672 Da peaks.
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The glycan examples represented in Figure 4B and C were only observed in the bovine milk. . The numerous unassigned peaks in Figure 4C are probably due to isobaric interferences in isolating the precursor ion. The glycan represented in (A) was observed in both the human and bovine milk sources while the glycans represented in (B and C) were unique to only the bovine milk source. Figure 5B and C shows the deconvoluted CID spectra for the glycan eluting at 19.35 and 20.00 min, respectively. The spectrum in Figure 5B suggests the attachment of the fucose residue to the antenna GlcNAc residue based on the 349 and 511 Da peaks, which correspond in mass to the disaccharide (GlcNAc:Fuc) and the trisaccharide (GlcNAc:Hex:Fuc), respectively. However, the deconvoluted CID spectrum in Figure 5C shows two distinct fragment peaks that signify a fucose connected to a core GlcNAc residue. The 894 and 1056 Da peaks corresponding in mass to (Hex 2 :GlcNAc 2 :Fuc) and (Hex 3 :GlcNAc 2 :Fuc) distinguish this isomer as being core fucosylated in contrast to Figure 5B . The core-fucosylated glycan structure represented in Figure 5C is depicted with the fucose residue attached to the outer core GlcNAc based on biological precedence.
Comparison of the N-Glycomes from Human and Bovine Milk
The use of nano-LC−MS in this study affords the opportunity to investigate certain distinguishing features in the glycan profiles obtained from human ( Figure 1A ) and bovine ( Figure 1B ) milks. Table 2 represents a comparison of some of such features (high mannose, fucosylation and sialylation) observed in both chromatograms in terms of glycan compositions. While all five high mannose glycan compositions (GlcNAc 2 :Man 5−9 ) were observed in both chromatograms, significant differences were observed in terms of fucosylated and sialylated glycan compositions in both chromatograms. With regards to fucosylation, 25 of the 38 human milk N-glycan compositions were observed as fucosylated while 21 of the 51 were observed for bovine.
Of these numbers, about 60% of the fucosylated human milk glycan compositions were observed with higher degrees of fucosylation (di-, tri-and tetra-) compared to only about 30% of the bovine milk glycans. In terms of sialylation, 12 of the 38 human milk N-glycans were observed as sialylated compared to 22 of the 51 for bovine. Only about 10% of the sialylated human milk glycan compositions were multisialylated compared to about 30% for bovine.
Relative quantitation of the different N-glycan types in both milks was performed based on the nano-LC MS analyses. Figure 6A and B is pie charts showing the relative abundances of all the different N-glycan types and the fucosylation distribution observed in the human milk analysis, respectively. Figure 6C and D is the corresponding pie charts for the bovine milk analysis representing the relative abundances of all the different N-glycan types and the fucosylation distribution observed, respectively. Fucosylation marks a significant difference between the N-glycans in both milk sources based on abundance. While 75% of the total N-glycan abundances corresponded to fucosylated glycans in human milk, only 31% of the total N-glycan abundance in bovine milk corresponded to fucosylated glycans. The results suggest that while high fucosylation and sialylation are general features of the human milk N-glycome, bovine milk is significantly less fucosylated and more highly sialylated. Although, mixtures of neutral and sialylated glycans will produce suppressed sialylated signals in positive ion mode MS analysis. However, when isolated or separated via LC−MS, the ionization efficiencies are not too different from each other. 42 Hence, in this text, we have used glycan peak areas to compare the amounts of fucosylation and sialylation between the two milk samples. Another major difference between both glycan pools is the presence of NeuGc residues in bovine milk N-glycans, which was lacking in the human milk. Furthermore, 5% of the sialylation abundance in the bovine milk N-glycan pool corresponded to NeuGc residues with less than 1% containing both NeuAc and NeuGc on the same glycan. It is also important to state that of the 38 N-glycan compositions observed in human milk and the 51 N-glycan compositions observed in bovine milk, 20 glycan compositions were common to both milk sources.
Comparison of the Milk N-Glycome with Free Milk Oligosaccharides
Extensive analyses of free human milk oligosaccharides (HMOs) have previously been reported. 7, 10 The results from these studies suggest that HMOs and their corresponding protein-bound N-glycans observed in this study were significantly different in terms of sialylation. While 57% sialylation was observed for the human milk N-glycans in this study, less than 20% of HMOs was previously reported as being sialylated. 7, 10 This suggests that protein-bound N-glycans are potentially a major source of sialylation in breast-fed infants. With respect to fucosylation, results of both the human milk N-glycans and the HMOs revealed greater similarity. While 75% of human milk N-glycans was observed to be fucosylated in this study, 70% of HMOs were previously reported as fucosylated. No NeuGc residue was observed in the two human milk carbohydrates.
As with HMOs, bovine milk oligosaccharides (BMOs) have been previously studied. 11 Contrary to the sialylation and fucosylation trends between human milk N-glycans and HMOs, the bovine milk reveals a different result. While the degree of sialylation was similar for bovine milk N-glycans and BMOs, the levels of fucosylation differed. Specifically, 68% sialylation was observed for the bovine milk N-glycans in this study, while 70% of the BMOs was previously reported as being sialylated.
11
On the other hand, 31% of bovine milk N-glycans was observed to be fucosylated in this study as compared to less than 1% for BMOs. 11 This comparison suggests that protein-bound Nglycans are a major source of fucosylation in bovine milk. It is important to also note that NeuGc residues were observed in both bovine milk N-glycans and BMOs.
■ CONCLUSION
The approach described used LC−MS and LC−MS/MS analyses of N-glycans from human and bovine whey proteins on a well validated nano-LC−Q-TOF MS platform. This analysis ensured the separation, detection and characterization of a complicated mixture of N-glycans investigated in this study. The N-glycans were separated on a PGC chip based on their unique types and monosaccharide compositions. Isomeric glycans differing in their monosaccharide connectivities and/or compositions were separated on the PGC chip into unique components during the analysis. This separation enabled structural elucidation for the individual species during the LC−MS/MS analysis. In all, 38 N-glycan compositions were observed in the human milk N-glycome while 51 N-glycan compositions were observed in the bovine milk N-glycome. Again, these numbers do not include isomers as over a hundred total glycan compounds were observed in each milk source. The study was comprehensive as high mannose, neutral complex/hybrid and sialylated complex/hybrid N-glycans were all observed. The sialylated N-glycans in the human milk source contained only NeuAc while both NeuAc and NeuGc residues were observed in the bovine milk source. To the best of our knowledge, this study is the first reported MS and tandem MS analyses confirming NeuGc in milk glycoproteins. The NeuGc residue was not found in human samples. The development of this strategy affords a platform for direct comparison between the N-glycome of both milks. 
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